1. Introduction {#s0005}
===============

Neuroimaging represents a non-invasive technique with the potential of revealing brain alterations related to psychiatric disorders and to provide neural biomarkers that may serve as diagnostic/prognostic tools. Despite the vast number of studies comparing measures of brain integrity in patients with and without psychosis, brain alterations have not shown enough sensitivity and specificity to be used as valuable biomarkers, thus warranting further investigations.

Patients with 22q11.2 deletion syndrome (22q11DS) are genetically exposed to a high risk of developing schizophrenia ([@bb0170], [@bb0250]). Therefore, 22q11DS represents a valuable model for the study of neural biomarkers of psychosis. Furthermore, as all the patients share the same genetic deletion, the syndrome represents a homogeneous model of schizophrenia ([@bb0030]). A number of brain alterations have been identified in patients with 22q11DS in association to psychotic symptoms. For instance, we found reduced thickness in frontal and fusiform/lingual cortices in patients with 22q11DS and schizophrenia compared to patients without psychosis ([@bb0245]). Furthermore, a recent study showed that impaired trajectories of cortical development in frontal and parietal regions were associated to increased severity of psychotic symptoms ([@bb0210]). Gothelf et al. further showed that white and grey matter volumes alterations in regions including the prefrontal cortex predicted the development of psychotic symptoms in patients with 22q11DS ([@bb0105]).

As recently reviewed by Scariati et al., functional and structural connectivity alterations are also associated to psychotic symptoms in patients with 22q11DS. The majority of the reviewed studies used diffusion measures computed either at each voxel, or along white matter tracts. Commonly used diffusion measures were fractional anisotropy (FA), axial (AD) and radial diffusivity (RD) ([@bb0015], [@bb0045], [@bb0050], [@bb0115], [@bb0260]). Reduced FA in the uncinate fasciculus, inferior longitudinal and inferior fronto-occipital fasciculi (ILF, IFOF), corpus callosum and cingulum bundle was associated to increased schizotypal traits or positive, negative and general psychotic symptoms ([@bb0065], [@bb0275]). Other studies found a positive correlation between FA and symptoms severity in the anterior limb of the internal capsule ([@bb0195]) and in the cingulum bundle ([@bb0130]). Reduced AD in the IFOF ([@bb0125]) and reduced RD in anterior limb of the internal capsule, uncinate fasciculus ([@bb0195]) and cingulum bundle ([@bb0130]) were also associated to higher positive symptoms severity.

Alternatively, a number of studies employed tractography techniques. Tractography allows the reconstruction of connectivity matrices containing the number of streamlines connecting pairs of brain regions ([@bb0025], [@bb0070], [@bb0120]). These matrices can be used to calculate graph theoretical measures, which give information about the structural network architecture ([@bb0110], [@bb0270]). When investigating the integrity of the structural network using graph theory, we observed impairments in patients with 22q11DS compared to controls, in association to increased severity of positive (hallucinations, ([@bb0190])) and negative symptoms ([@bb0295]).

The findings reported in patients with 22q11DS are similar to those observed in schizophrenia, ultra-high risk (UHR) of psychosis and schizotypal disorder. In schizophrenia, initial studies pointed to a predominant impairment of fronto-temporal connections ([@bb0200]). Furthermore, white matter alterations in the limbic system have been shown (for instance ([@bb0040], [@bb0100], [@bb0180]). A more recent investigation further suggested the presence of widespread patterns of disconnectivity in schizophrenia, which would involve all of the four lobes ([@bb0145]). When investigating network integrity, altered nodal degree and network efficiency was reported (([@bb0340])) as well as altered rich club connectivity, suggesting alterations in brain hubs ([@bb0290]).

As reviewed in ([@bb0300]) findings in patients at risk of psychosis are instead more controversial, with some studies showing no differences between at risk individuals and healthy controls and others pointing to impairments in fronto-temporal and/or fronto-limbic connections, particularly involving association fibers. Similarly, few studies have been conducted in patients with schizotypal disorder, and showed impairments in the uncinate and fronto-occipital fasciculus and in the cingulate gyrus ([@bb0085], [@bb0225]). Fewer studies have investigated differences in white matter integrity in other populations of patients expressing psychotic symptoms, such as psychotic depression ([@bb0175]) and Parkinson\'s disease ([@bb0345]), but they also seem to point to alterations in frontal and limbic brain regions in association to higher symptoms severity.

In this study, we aimed at investigating white matter alterations in patients with 22q11DS expressing high and low positive symptoms scores. Indeed, studies conducted to date in the 22q11DS population compared patients with 22q11DS to healthy controls, or conducted post-hoc correlation analyses between connectivity measures and symptoms scores. In order to disentangle which brain connectivity alterations are associated to psychosis, it is essential to compare patients with 22q11DS with different levels of symptoms severity. To date, only one study investigated structural connectivity differences in subgroups of patients with 22q11DS ([@bb0140]). The authors compared adolescent patients with 22q11DS with high and low psychotic symptoms scores and showed altered white matter diffusivity in the most symptomatic patients ([@bb0140]). However, this investigation was limited by the low number of patients included (*N* = 9 patients with high symptoms severity).

Here, we propose a comprehensive evaluation of the white matter alterations associated to higher psychotic symptoms in 22q11DS including: 1) mean measures of diffusion (FA, AD, RD) along tracts of interest, 2) number of streamlines, obtained with tractography, connecting pairs of brain regions and 3) graph theoretical analysis of the brain network. The above-mentioned measures were compared between the groups of patients with 22q11DS with high and low positive symptoms using common mass-univariate statistical group comparisons (*t*-test) as well as using predictive multivariate approaches (i.e., pattern recognition). The univariate comparison was conducted in order to identify regional differences between the two groups in: 1) diffusion measures computed in specific white matter tracts, 2) number of streamlines connecting pairs of brain regions, 3) graph theory measures. The multivariate investigation was alternatively conducted on the same three measures separately in order to provide a first evidence that different subgroups of patients with 22q11DS can be discriminated based on their pattern of brain connectivity and orient future investigations. More in details, we aimed at identifying patterns of 1) altered diffusion measures in defined white matter tracts, 2) impaired number of white matter streamlines, 3) alterations in graph theory measures, that optimally discriminate the presence of psychosis. Indeed, multivariate analysis techniques are more sensitive to inter-regional relationships ([@bb0080]) as they do not assume independency between the connections. Furthermore, univariate tests only allow inference at the group level, while subject-level predictions are needed for potential biomarkers to prove clinically useful.

We hypothesize that multivariate methodologies will be more sensitive to capture subtle patterns of brain alterations associated to prodromal psychotic symptoms. Furthermore, according to the previous findings, we expect to find patterns of disconnectivity in frontal, temporal and limbic pathways in patients with more severe psychotic symptoms.

2. Material and methods {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

Patients with 22q11DS were collected in the context of an ongoing longitudinal study ([@bb0155], [@bb0245]) through announcements in regional parents\' associations and through word of mouth. After visual inspection of motion artifacts, a cross-sectional group of 100 subjects with good quality DTI images, aged from 10 to 35 years, was initially selected. Patients were classified according to their score on the positive subscale of the Structured Interview of Prodromal Symptoms (SIPS) ([@bb0160]). Patients with a score ≥ 3 on at least one item of the positive subscale (P1-P5) were classified as having at least attenuated positive symptoms of psychosis. Time and frequency criteria were not taken into account in this classification. The same criterion was adopted in our previous study on resting-state fMRI connectivity ([@bb0240]). Thirty-one patients manifested at least attenuated positive symptoms of psychosis at the time of testing and were defined *psy+*. As reported in Supplementary Fig. 1, the majority of patients presented hallucinations (80%); a similar percentage presented delusion (50%) and persecutory ideas (44%), while only a minority of patients presented grandiose ideas and disorganized communication (3% and 16% respectively). These results are in line with previous findings in the same cohort of patients ([@bb0255]).

As control group, 31 patients individually matched for age and gender were selected and were defined *psy-*. Demographic information for the two groups of patients with 22q11DS are reported in [Table 1](#t0005){ref-type="table"} and in Supplementary Fig. 2.Table 1Demographic information.Table 1*psy+psy-p* valueN. subjects (females)31 (15)31 (15)Mean age (range)17.86 ± 5.9 y.o.17.34 ± 5.5 y.o.0.7(10.28--34.34)(10.13--31.48)Right handed (%)[a](#tf0005){ref-type="table-fn"}80.6%77.4%0.75Mean IQ69.2 ± 11.872.8 ± 12.90.26N. subjects meeting criteria for psychiatric diagnosis24 (77.4%)19 (61.3%)0.26Anxiety disorder4 (13%)8 (25.8%)Attention deficit hyperactivity disorder1 (3.2%)4 (13%)Mood disorder1 (3.2%)0Schizophrenia2 (6.5%)0Psychotic disorder2 (6.5%)0More than one psychiatric disorder14 (45%)7 (22.6%)N. subjects medicated11 (35.5%)2 (6.5%)0.005Methylphenidate2 (6.45%)1 (3.2%)Antidepressants1 (3.2%)1 (3.2%)Antipsychotics4 (13%)Anticonvulsants2 (6.45%)Anxiolytics0More than one class of medication2 (6.45%)SIPS positive scores9.26 ± 5.72.6 ± 2.1\< 0.001P12.8 ± 1.80.48 ± 0.6\< 0.001P22.55 ± 1.61 ± 0.7\< 0.001P30.32 ± 0.790.03 ± 0.2\< 0.001P43.3 ± 1.50.68 ± 0.9\< 0.001P51.2 ± 1.50.35 ± 0.80.02[^1][^2]

IQ was measured using the Wechsler Intelligence Scale for Children (version III or IV) or the Wechsler Adult Intelligence Scale (version III or IV) ([@bb0325], [@bb0320], [@bb0315], [@bb0310]). The average IQ did not significantly differ between the groups of patients with and without psychotic symptoms (*p* = 0.26).

The presence of a psychiatric diagnosis was assessed using the Diagnostic Interview for Children and Adolescents Revised (DICA-R ([@bb0215])), the psychosis supplement from the Kiddie-Schedule for Affective Disorders and Schizophrenia Present and Lifetime version (K-SADS-PL ([@bb0135])) and the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I ([@bb0095])). Twenty-four (77.4%) *psy+* patients and 19 (61.3%) *psy-* patients met the criteria for a psychiatric diagnosis ([Table 1](#t0005){ref-type="table"}). Eleven patients within the *psy+* group (35.5%) and two patients in the *psy-* group (6.5%) were under medication at the time of testing ([Table 1](#t0005){ref-type="table"}).

Written informed consent was received from the patients and their parents and our protocols were approved by the cantonal ethic commission of research.

2.2. MRI acquisitions {#s0020}
---------------------

T1-weighted and Diffusion Tensor (DTI) images were acquired using a Siemens Trio (*N* = 43, 22 *psy+,* 26 *psy-)* or a Siemens Prisma (*N* = 11, 9 *psy+,* 5 *psy-*) 3 Tesla MRI scanner at the Center for Biomedical Imaging (CIBM) in Geneva. The T1-weighted sequence was acquired with a 3D volumetric pulse, TR = 2500 ms, TE = 3 ms, flip angle = 8°, acquisition matrix = 256 × 256, field of view = 23.5 cm, slice thickness = 3.2 mm, 192 slices. DTI images were acquired with the following parameters: number of directions = 30, b = 1000 s/mm^2^, TR = 8800 ms, TE = 84 ms, flip angle = 90°, acquisition matrix = 128 × 128, field of view = 25.6 cm, GRAPPA acceleration = 2, 64 axial slices, slice thickness = 2 mm. The head coil differed between the two scanners (12 channels for the Siemens Trio and 20 channels for the Siemens Prisma).

2.3. Data analysis {#s0025}
------------------

[Fig. 1](#f0005){ref-type="fig"} summarizes the different connectivity measures included in the analyses. Three measures of white matter integrity were used:○Connectivity matrices containing number of streamlines connecting pairs of brain regions;○Graph theory measures, computed on the weighted and binary connectivity matrices;○Diffusion measures (FA, AD, RD).Fig. 1Overview of the data processing and analysis.Fig. 1

The methods for the computation of each of these measures and the statistical analyses carried out are detailed in the following sections.

### 2.3.1. Construction of the connectivity matrices {#s0030}

The pipeline for the construction of the connectivity matrices is represented in [Fig. 1](#f0005){ref-type="fig"}. First, T1-weighted images were processed using *FreeSurfer* (<http://freesurfer.net>). The images were preprocessed following previously described steps (resampling into cubic voxels, intensity normalization, skull stripping, tissue segmentation) to extract the white and sub-cortical grey matter volumes and the cortical surfaces ([@bb0075]). A parcellation of the entire grey matter was then obtained ([@bb0090]), defining 83 cortical and sub-cortical regions.

DTI images were preprocessed using the FSL Diffusion Toolbox ([http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/](http://fsl.fmrib.ox.ac.uk/fsl/fslwiki){#ir0010}). After brain extraction and eddy currents distortion correction the effect of geometric distortions was corrected by registering the DTI images to the T1-weighted images using the software ANTs (Advanced Normalization Tools ([@bb0020])). Motion parameters were extracted using the TRActs Constrained by UnderLying Anatomy toolbox (TRACULA ([@bb0330]), <https://surfer.nmr.mgh.harvard.edu/fswiki/Tracula> and are reported in the [Table 2](#t0010){ref-type="table"}. Average translation and rotation did not significantly differ between *psy+* and *psy-* patients (*p* \> 0.2).Table 2DTI movement parameters.Table 2*psy*+*psy*-*p* valueTranslation (mm)0.63 ± 0.190.84 ± 0.320.195Rotation (degrees)0.005 ± 0.00150.006 ± 0.0030.266

White matter tractography was performed using the software MRtrix (<http://www.mrtrix.org>). The fiber orientation density function (FOD) was estimated using constrained spherical deconvolution ([@bb0285]) and tractography was performed using a deterministic algorithm. This choice was motivated by the fact that previous studies conducted by our group used deterministic tractography to perform whole brain tractography ([@bb0190], [@bb0185]) and we wanted our studies to be comparable. An example of tractogram for one subject is displayed in supplementary Fig. 3.

The connectivity matrix was then built as an 83 × 83 matrix containing the number of streamlines connecting each pair of brain regions. The matrices were not thresholded, but were normalized by the average length of the streamlines connecting each pair of nodes ([@bb0110]).

### 2.3.2. Computation of graph theory measures {#s0035}

Graph theory measures were computed starting from the connectivity matrices.

Network\'s measurements can be obtained on the weighted (if it contains the information about the number of streamlines) or binary (where only the existence of a connection between the pair of nodes is represented) connectivity matrices. Binary graphs give information about the core network organization, while weighted graphs also contain the information about the strength of the connection between two nodes. Either measures were included in this study.

*Global* and *local* networks characteristics were then computed using functions included in the Brain Connectivity Toolbox ([brain-connectivity-toolbox.net](http://brain-connectivity-toolbox.net){#ir0025}). Global measures are computed over the entire connectivity matrix, while local measures are computed for each node of the network. The global measures included in this study were: *characteristic path length*, *efficiency*, *mean clustering coefficient*, *modularity* and *small world index.* The local measures included were: *betweenness centrality, clustering coefficient* and *strength.* A detailed description of each of these measures is provided in ([@bb0150], [@bb0270], [@bb0265], [@bb0305]).

Briefly, the characteristic path length is the minimum number of edges connecting each pair of nodes in the network. The efficiency is the inverse of the mean path length, however, it is considered to be a more meaningful measure when computed on disconnected networks ([@bb0230]). Modularity reflects the presence of sub-groups of nodes in the graph that are more densely connected to each other than to the rest of the network. The clustering coefficient of a node is the number of connections between the neighbors of that node. The average clustering coefficient therefore reflects how connectivity is clustered around each node. The small world index estimates the degree to which a network is a "small-world network", meaning that is highly clustered while remaining highly efficient. The betweenness centrality is the number of short paths passing through a node, therefore, it reflects the path length (and the efficiency) at the nodal level and measures how central is each node in the network. Finally, the strength is the sum of the edges connecting a node.

### 2.3.3. Computation of diffusion measures {#s0040}

Diffusion measures reflecting the microstructural integrity of white matter were computed with the TRACULA toolbox. This automatic algorithm performs probabilistic tractography, using a "ball-and-stick" model of diffusion ([@bb0035]), to estimate the probability of 18 white matter pathways ([@bb0335]). TRACULA has the advantage of using cortical surfaces reconstructed with *freesurfer* for intra-subject registration. Furthermore, tractography is performed in the subjects\' native space. One subject was excluded from the *psy+* group because of bad reconstruction of the tracts. Mean FA, AD and RD were computed for each fiber bundles.

### 2.3.4. Statistical analyses {#s0045}

Univariate and multivariate analyses were conducted to investigate differences in the above-mentioned measures between patients with and without prodromal psychotic symptoms. The univariate analysis was performed with a Mann-Whitney *U* test in Matlab version 2014b, and False Discovery Rate (FDR) at a significance threshold of 0.05 was used to correct for multiple comparison. The multivariate analysis was conducted using functions included in the Pattern Recognition for Neuroimaging (PRONTO) toolbox ([http://www.mlnl.cs.ucl.ac.uk/pronto/](http://www.mlnl.cs.ucl.ac.uk/pronto){#ir0030}), with procedures similar to our previous work ([@bb0240]). More in details, we used a naïve Bayes classifier using the "fitcnb" function of Matlab. The "Normal" option has been used to model for each feature a Gaussian distribution, while the other options have been left as default. The naïve Bayes classifier has been chosen to model more flexible decision boundaries (piecewise quadratic) than other linear classifiers such as Support Vector Machine (SVM). However, it should be noticed that the naïve Bayes approach, contrarily to SVM, assumes independency between the features, therefore, correlated features cannot be modeled. Nevertheless, the classifier will still benefit from correlated features because the decision will consider together the probabilities of different features. Therefore, if the probabilities go in the same direction, the decision will be reinforced. In addition, as mentioned in the introduction, we did not aim for generalizability in this study, but our purpose was to provide preliminary results and direct further investigations.

Accuracy was estimated using a leave-one-subject-out cross validation loop (LOOCV). At each loop, the exact prior probabilities for each class were 50.82% and 49.18%. The classifier was applied subsequently on 1) connectivity matrices containing the number of streamlines, 2) graph theory measures computed on the weighted graph, 3) graph theory measures computed on the binary graph and 4) diffusion measures. Global graph theory measures were entered individually in separated classifiers (5 classifiers). For each local measure, one classifier was built containing the measure for each region (*N* = 83 regions). For the diffusion measures, one classifier was built for FA, AD and RD separately, containing the mean value for this measure for each fiber bundle (*N* = 18 bundles).

The classification was then repeated after feature selection. Feature selection was performed with point biserial correlation to rank the features that showed the most important differences between the two groups. The classification was performed several times increasing the number of features kept. For the number of streamlines, accuracy was tested starting from the first 10 connections and adding 10 connections at the time until 1600. The global and local graph theory measures were put into one single matrix and accuracy was tested starting from the first 5 measures and adding 5 measures at the time until reaching the max number of features (*N* = 254). The measures iteratively added could be a global measure or a local measure of one specific brain region, based on the rank attributed during feature selection. For each of the diffusion measures, accuracy was tested by adding the mean value of each bundle one after the other until reaching 18. In order to evaluate the significance of the classification results, we used the Wilson\'s score interval to compute the accuracy 95% Confidence Interval (CI). Indeed, a significance level of 0.05 is achieved if the 95% confidence interval do not contain the chance value ([@bb0010], [@bb0165]), which is 50% for classification. The same approach has been used in our previously published study ([@bb0240]).

To check for any residual effect of age, gender and type of scanner in the results, the analysis was repeated adding these variables as covariates. The correction was performed within the LOOCV loop, re-estimating at each loop the residuals in the training group and applying the regression to the test subject.

3. Results {#s0050}
==========

3.1. Univariate analyses {#s0055}
------------------------

There were no significant differences between *psy+* and *psy-* patients on any of the measures (i.e, the number of streamlines connecting pairs of brain regions, the graph theory measures and the diffusion measures).

3.2. Multivariate analysis {#s0060}
--------------------------

### 3.2.1. Number of streamlines {#s0065}

The connectivity matrix containing the number of streamlines connecting pairs of brain region did not provide a significant discrimination of patients with 22q11DS with and without psychotic symptoms. The accuracy achieved without features selection was 46.8% (CI: 34.9--59.0%). When feature selection was performed, no significant accuracy was achieved with any of the features ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Accuracy plot for the number of streamlines.The blue line indicates the accuracy, the two red lines indicate the upper and lower confidence intervals. No significant accuracy was achieved at any features intervals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

### 3.2.2. Graph theory measures {#s0070}

No significant discriminations were obtained when using the weighted graph ([Table 3](#t0015){ref-type="table"}, [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Accuracy plot of the discrimination analysis using graph theory measures computed on the weighted graph. Classification results when using all the graph theory measures and feature selection. The blue line indicates the accuracy, the two red lines indicate the upper and lower confidence intervals. No significant accuracy was achieved at any features intervals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3Table 3Results of the classification analysis with global and local graph theory measures computed on the weighted graph.Table 3Accuracy with weighted graphCharacteristic path lengthAccuracy = 54.8%, CI: 42.5--66.6%Sensitivity: 32.3%; Specificity: 77.4%EfficiencyAccuracy = 58.1%, CI: 45.7--69.5%Sensitivity: 38.7%; Specificity: 77.4%Mean clustering coefficientAccuracy = 0.0%, CI: 0.0--5.8%Sensitivity: 0.0%; Specificity: 0.0%ModularityAccuracy = 48.4%, CI: 36.4--60.6%Sensitivity: 29.0%; Specificity: 67.7%Small world indexAccuracy = 51.6%, CI: 39.4--63.6%Sensitivity: 74.2%; Specificity: 29.0%Betweenness centralityAccuracy = 35.5%, CI: 24.7--47.9%Sensitivity: 19.4%; Specificity: 51.6%Clustering coefficientAccuracy = 50.0%, CI: 37.9--62.1%Sensitivity: 32.3%; Specificity: 67.7%StrengthAccuracy = 51.6%, CI: 39.4--63.6%Sensitivity: 29.0%; Specificity: 74.2%

When using the binary graph, global and local measures did not discriminate patients with 22q11DS with prodromal psychotic symptoms ([Table 4](#t0020){ref-type="table"}). However, when performing feature selection, the betweenness centrality and the clustering coefficient discriminated patients with and without psychotic symptoms ([Fig. 4](#f0020){ref-type="fig"}). Specifically, the maximum accuracy (67.7%, CI: 55.4--78.0%, sensitivity 67.7%, specificity 67.7%) was achieved with five features, which corresponded to the betweenness centrality in the right amygdala, left posterior cingulate (PCC) and the left parahippocampal cortices and the clustering coefficient in the right ACC and the left PCC ([Fig. 4](#f0020){ref-type="fig"}). To assess the stability of our results, we additionally performed leave one out bootstrapping, conducted by randomly removing one subjects from the *psy+* group and the correspondent matched subject in the *psy-* group. The results of this analysis have been reported in Supplementary Fig. 4. The accuracy remained higher than 50% in 100% of the trials and remained significant in 85% of the trials.Fig. 4Results of the discrimination analysis using graph theory measures computed on the binary graph. On the top, the accuracy plot displays the maximum significant accuracy achieved with the five best features. The blue line indicates the accuracy and the red lines indicate the upper and lower confidence intervals. The brain maps show the regions where the betweenness centrality and the clustering coefficient contributed to the discrimination. The amygdala is not showed in the cortical maps as it is a sub-cortical region. The boxplots show the betweenness centrality and the clustering coefficient values for the corresponding regions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 4Table 4Results of the classification analysis with global and local graph theory measures computed on the binary graph.Table 4Accuracy with binary graphCharacteristic path lengthAccuracy = 48.4%, CI: 36.4--60.6%Sensitivity: 67.7%; Specificity: 29.0%EfficiencyAccuracy = 46.8%, CI: 34.9--59.0%Sensitivity: 67.7%; Specificity: 25.8%Mean clustering coefficientAccuracy = 45.2%, CI: 33.4--57.5%Sensitivity: 48.4%; Specificity: 41.9%ModularityAccuracy = 50.0%, CI: 37.9--62.1%Sensitivity: 67.7%; Specificity: 32.3%Small world indexAccuracy = 54.8%, CI: 42.5--66.6%Sensitivity: 74.2%; Specificity: 35.5%Betweenness centralityAccuracy = 50.0%, CI: 37.9--62.1%Sensitivity: 41.9%; Specificity: 58.1%Clustering coefficientAccuracy = 53.2%, CI: 41.0--65.1%Sensitivity: 48.4%; Specificity: 58.1%StrengthAccuracy = 48.4%, CI: 36.4--60.6%Sensitivity: 45.2%; Specificity: 51.6%

These results remained significant also after covarying for age, gender and type of scanner. To take into account the effect of medication, we repeated the analysis after excluding the subjects under antipsychotics (*n* = 6). As reported in Supplementary Fig. 5 a significant discrimination was still obtained.

These findings suggest that rather than the absolute number of streamlines, differences in network architecture distinguish patients with and without psychotic symptoms.

### 3.2.3. Diffusion measures {#s0075}

When performing feature selection, the FA in the left inferior longitudinal fasciculus (ILF) and the right cingulate gyrus discriminated *psy+* and *psy-* patients ([Fig. 5](#f0025){ref-type="fig"}). Borderline accuracy was obtained also with the RD in the same tracts ([Fig. 5](#f0025){ref-type="fig"}). However, these results did not remain significant when correcting for age gender and scanner type.Fig. 5Results of the discrimination analysis using diffusion measures. In the first row, accuracy is reported for the multivariate analysis without features selection. In the second row, accuracy plots display the results when performing feature selection. The brain maps in the last row show the tracts that significantly discriminated patients with and without mild to attenuated psychotic symptoms. ILF = inferior longitudinal fasciculus, CG = cingulate gyrus, FA = Fractional Anisotropy, AD = axial diffusivity, RD = radial diffusivity.Fig. 5

4. Discussion {#s0080}
=============

In this study, we investigated the association between white matter alterations and attenuated positive psychotic symptoms in a homogeneous group of patients carrying the same genetic deletion and matched for age, gender and IQ. The univariate comparison of connectivity measures between *psy+* and *psy-* patients did not give significant results. However, the multivariate analysis allowed us to discriminate patients with 22q11DS with and without attenuated positive psychotic symptoms using measures of network\'s structural architecture and white matter integrity.

In particular, when considering the binary graph, local network\'s properties, namely betweenness centrality and clustering coefficient, discriminated *psy+* from *psy-* patients with 22q11DS. Contrarily, we did not observe significant discriminations when considering the weighted graph, thus suggesting that local network alterations in patients with higher positive symptoms are related to the core organization of the connections, independently from their strength. Betweenness centrality reflects how much a node is relevant in the information flow within the network. Here, we found that betweenness centrality in the right amygdala, left PCC and the left parahippocampal cortex contributed to the classification of patients with 22q11DS with psychotic symptoms. In our previous study using similar methodologies to compare structural network integrity in patients with 22q11DS and healthy controls ([@bb0190]) we found a similar pattern of alterations in these regions. The results reported here complement these previous findings and suggest that the differences observed in patients with 22q11DS are driven by the most symptomatic patients and that reduced centrality of these nodes compromise the correct brain network\'s organization and contributes to the manifestation of psychotic symptoms.

Together with the reduced betweenness centrality, reduced clustering coefficient in the cingulate cortex contributed to the classification of psychotic patients with 22q11DS. In particular, disconnectivity of the ACC is one of the most replicated finding in patients with 22q11DS, and has been associated with psychotic symptoms severity ([@bb0220], [@bb0240], [@bb4000], [@bb0280]). Our results confirm that altered ACC connectivity may be a candidate predictor of psychosis development.

It is worth to notice, however, that no focal differences in these specific measures and regions were observed when using the univariate analysis, suggesting that there are not alterations in specific brain areas distinguishing patients with 22q11DS with higher psychotic symptoms. This means that the impairments we observed in the cingulate and parahippocampal cortices and in the amygdala are not independent from each other, but they contribute together to the discrimination of patients with 22q11DS with higher symptoms. The same consideration can be done for the measures that we found impaired, namely the betweenness centrality and the clustering coefficient, suggesting that the structural brain network is impaired at different levels in patients with higher symptoms scores. Interestingly, the pattern of regions we found to discriminate psy+ and psy- patients are part of the limbic system, thus indicating that altered connectivity within this system compromise the brain network\'s organization and is responsible for the manifestation of psychotic symptoms. The presence of impairments in limbic connections in patients with higher symptoms severity also emerged in our recent review of connectivity studies in 22q11DS ([@bb0235]). Furthermore, alterations in the limbic system have extensively been reported in patients with schizophrenia (for instance ([@bb0040], [@bb0100], [@bb0180]) and, even if to a lesser extent, in UHR individuals and adolescents with schizotypal personality disorder ([@bb0225], [@bb0300]). Therefore, our findings suggest that alterations in limbic system are present in patients with 22q11DS with attenuated positive psychotic symptoms as in patients with schizophrenia and at risk of psychosis, thus representing a valuable biomarker for the development of a full-blown disorder.

In addition to alterations in the structural network, altered white matter microstructure predicted the presence of mild to severe psychotic symptoms. In particular, patients with 22q11DS expressing higher symptoms severity showed reduced FA and increased RD in the ILF and cingulate gyrus, thus indicating altered integrity of these tracts, which may reflect altered myelination. However, these results should be interpreted with caution as they did not remain significant after regression of age, gender and scanner type.

To date, only two studies used multivariate approaches to discriminate the presence of psychotic symptoms in patients with 22q11DS ([@bb0105], [@bb0240]). [@bb0105] found that atypical patterns of white and grey matter maturation predicted increased severity of psychotic symptoms with high accuracy (\~ 95%). In our previous study ([@bb0240]), we were able to discriminate patients with and without prodromal psychotic symptoms using resting-state fMRI connectivity. In particular, disconnectivity in frontal brain regions and the ACC mainly contributed to the discrimination. Our results complement these previous findings and suggest that altered white matter architecture can also discriminate the presence of mild/severe psychotic symptoms in patients with 22q11DS.

However, in our study, a relatively low accuracy was achieved (67.7%) in the discrimination of patients with higher psychotic symptoms. This is similar to what have been observed in UHR populations, in which a lower discrimination accuracy was achieved (\~ 65%, [@bb0205]) compared to schizophrenia ([@bb0005], [@bb0055], [@bb0060], [@bb0205]). One reason that could explain this difference is that patients with schizophrenia are more symptomatic and have been affected by the disease for a long period of time. Therefore, this may have produced significant changes in their brains. On the opposite, brain alterations in patients with 22q11DS or in UHR individuals may be more subtle than the alterations observed in the full blown disease, but may be however important for predicting the patients outcome.

5. Limitations {#s0085}
==============

This study presents a number of limitations. Some of them are related to the population being studied, such as the low sample size. This is especially true in light of the high dimensionality of our dataset. Furthermore, more than one classifier has been trained for the multivariate comparisons, which may have caused the detection of false positive results. Therefore, our results will need to be replicated in a larger sample of patients.

Furthermore, our groups of patients with and without prodromal psychotic symptoms presented psychiatric comorbidities and differed in terms of the use of psychotropic medication. However, our results remained significant after excluding the subjects that were taking antipsychotics at the time of testing, thus allowing us to partially exclude the effect of medication from our findings.

Another limitation is related to our DTI sequence, which does not allow an optimal reconstruction of crossing/kissing fibers. However, in order to reduce the duration of our scanning protocol, we have chosen to use a shorter sequence that is more suitable for children with psychiatric conditions and/or intellectual disability. This problem has however been partially solved using CSD for the FOD reconstruction and state of art methodologies for the preprocessing of DTI data. Furthermore, tractography reconstructions can be influenced by a number of factors, such as noisy data, that prevent us from affirming that the difference observed in this study are uniquely related to disconnectivity.

6. Conclusion {#s0090}
=============

To conclude, our study represents the first attempt to distinguish patients with 22q11DS with and without attenuated positive psychotic symptoms using white matter connectivity and multivariate methodologies. Our results suggest that changes in structural network\'s properties may be candidate biomarkers of psychosis, which needs to be further explored by longitudinal investigations. Furthermore, the majority of patients included in the *psy+* group presented low levels of symptoms rather than a full-blown psychosis, thus indicating that network\'s structural alterations may be identified at an early stage in the psychosis development, which could permit a more effective prevention.

Appendix A. Supplementary data {#s0105}
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[^1]: P1 = unusual thoughts/delusional ideas, P2 = suspiciousness/persecutory ideas, P3 = grandiosity, P4 = perceptual abnormalities/hallucinations, P5 = disorganized communication.

[^2]: Handedness was measured using the Edinburgh laterality quotient.
